Introduction
High-dose chemotherapy with autologous hematopoietic SCT has been shown in clinical trials to improve response rate and overall survival in patients with multiple myeloma (MM) compared with conventional chemotherapy. [1] [2] [3] However, to use this strategy, sufficient cells must be mobilized and collected for transplantation and there is a potential risk of contamination by residual tumor cells in the apheresis product. Ideally, there should not be any tumor cells in the apheresis product. Tumor cell contamination does occur and there is no consensus on the acceptable and safe limit of tumor cells in the apheresis product. [4] [5] [6] [7] [8] [9] [10] [11] There are various assays to quantify tumor cell contamination with sensitivities ranging from 1/100 cells using flow cytometry to 1/100 000 cells using PCR. 12 Although PCR testing is the superior method in terms of sensitivity, it is impractical for clinical practice as it is expensive, time consuming and requires patient-specific primers to be produced from myeloma cell samples. 12 Compared with PCR testing, assessment by flow cytometry has the advantages of being less expensive, less time consuming, easier to perform, and providing confirmation about 'potentially' clinically relevant contamination.
Plerixafor, a reversible CXCR4 inhibitor, has been reported to improve stem cell collection in poor mobilizers who require autologous hematopoietic SCT for various indications. 13, 14 Although initial experience with plerixafor seemed to be safe in poor mobilizers, there is lack of information on tumor cell mobilization with plerixafor in this population. This is the first study that specifically addresses tumor cell mobilization in MM patients treated with plerixafor.
The purpose of this phase II study was to evaluate the safety and efficacy of plerixafor in patients with MM who were proven or predicted poor mobilizers and specifically to assess tumor cell mobilization in proven poor mobilizers using flow cytometry.
Patients and methods

Study design
This was an open-label single-center phase II study. Patients with MM who were scheduled for treatment with autologous peripheral blood (PB) hematopoietic stem cell transplantation and who were proven or predicted poor mobilizers were eligible. The study was IRB approved and consisted of two phases: the first phase included patients who were proven to be poor mobilizers (group A) and the second phase included patients who were predicted to be poor mobilizers (group B). Enrollment in group A was completed before enrollment in group B began.
The main objectives of the study were to determine whether the addition of plerixafor to a mobilizing regimen of granulocyte-CSF (G-CSF) would improve the yield of CD34 þ cells obtained in the apheresis product and whether the cells collected would engraft after autologous transplantation. An additional objective was to determine the presence of tumor cells in the apheresis product.
Study population
All patients who entered the study signed an informed consent and were between 18 and 75 years of age with a diagnosis of MM, previously treated or untreated irrespective of BM plasmacytosis. Other inclusion criteria included: plt count X100 000/ml and serum creatinine o3 mg per 100 ml, normal liver function tests, left ventricle ejection fraction 445% and carbon monoxide diffusing capacity 445% with forced expiratory volume in the first second 450% predicted, WBC count 42000 cells/ml, hematocrit 426% and negative test for the HIV. Women of childbearing potential were required to be on an approved form of contraception.
In addition to the study inclusion criteria, patients enrolled into groups A and B had to meet group-specific criteria. Patients enrolled in group A were required to have received a previous mobilization from which o2 Â 10 6 cells/kg of CD34 þ cells were collected for transplantation. Patients enrolled in group B were required to have received previous chemotherapy and G-CSF treatment as a mobilization regimen and, after recovery of their WBC count (42000 cells/ml for at least 2 days), had a PB CD34 þ count of 5-12 cells/ml or were required to have received extensive earlier chemotherapy and a pre-mobilization plt count of 100 000-150 000/ml (two measurements obtained within 1 week). Patients fulfilling either of the criteria were predicted to yield total apheresis collections of o1 Â 10 6 CD34 þ cells/kg, which would be insufficient for transplantation.
Patients were excluded if they had any one of the following: a significant comorbid condition that rendered them at high risk for treatment complications; a residual acute medical condition resulting from an earlier chemotherapy; cardiovascular disease that included proof of or predisposition to ventricular arrhythmias, brain metastases or carcinomatous meningitis, active infection, fever and hypercalcemia; body weight exceeding 150% of their ideal body weight; earlier treatment with an experimental therapy within 4 weeks of enrolling in this study; or enrollment in another experimental protocol.
Study treatment
There was a minimum of 4 weeks' recovery time from the last cytotoxic chemotherapy to the start of G-CSF for mobilization for patients in group A. All patients received a mobilization regimen of G-CSF (administered according to the standard procedures at the study center) plus plerixafor. The G-CSF (10 mg/kg) was administered daily, pre-apheresis, for up to 7 consecutive days or until a total of X5 Â 10 6 CD34 þ cells/kg, but o15 Â 10 6 CD34 þ cells/kg were collected. Plerixafor (0.24 mg/kg) was administered subcutaneously daily in the evening, B10-11 h before each apheresis, starting on Day 1 and for up to 7 consecutive days or until X5 Â 10 6 CD34 þ cells/kg were collected.
Efficacy and safety assessment
The criteria used for efficacy evaluation were PB CD34 þ cell count, apheresis yield, neutrophil and plt engraftment and graft durability. Within-patient changes in PB CD34 þ cells/ml from pre-plerixafor administration to immediately before the next apheresis session were evaluated using a fold increase calculation. Follow-up data were gathered for neutrophil and plt engraftment and graft durability up to 12 months post transplant. The day of neutrophil engraftment was defined as the first of 3 consecutive days with an ANC of 4500/ml; plt engraftment day was defined as the first of 3 consecutive days with an untransfused plt count of 420 000/ml. In the event of a tandem transplant, follow-up data were gathered up to 12 months after the second transplant. The criteria used for safety evaluation, included adverse event monitoring, clinical laboratory evaluations, physical examination, vital signs and injection site assessments. Graft durability was determined by the investigator. As a guideline, the protocol defined graft durability as the maintenance of normal (acceptable) blood counts at 3, 6 and 12 months post transplantation.
Tumor cell mobilization
Peripheral blood samples were analyzed for the presence of aneuploid myeloma cells by flow cytometry measuring the specific cytoplasmic Ig light chain content vs DNA content as has been described previously. 15 This method can detect the presence of o1% abnormal plasma cells in BM or PB.
Statistical methods
Categorical data were summarized using frequency tables, presenting the patient counts and the percentage of patients falling into the category. Continuous data were summarized and reported as mean, s.d., median, minimum and maximum. SAS software was used to perform all analyses.
Results
Patient demographics and characteristics
Patient demographics and baseline characteristics are summarized in Table 1 . The mean age was 60.7 years in group A (proven poor mobilizers) and 55.9 years in group B (predicted poor mobilizers). All 20 patients were Caucasian. A total of 7 patients in group A (70.0%) and 4 patients in group B (40.0%) were female. The median time from confirmed diagnosis to study entry was 10.5 months in group A and 5.5 months in group B. All patients had received earlier chemotherapy. A total of 3 patients in group A (30.0%) and 1 patient in group B (10.0%) had previously received radiotherapy.
Peripheral blood CD34 þ cells and apheresis yield
The PB CD34 þ cell count was generally very low preplerixafor treatment, median 2.1 (range 0.4-4.9 cells/ul) ( Table 2) . These low PB CD34 þ cell counts indicated that all patients in both groups had mobilized poorly with either G-CSF alone or G-CSF and chemotherapy before plerixafor treatment. Peripheral blood CD34 þ cell counts increased significantly post-plerixafor administration from a median 2.1 (range 0.4-3.9) cells/ml to 6 (range 1.3-29.7) CD34 þ cells/ml. The median fold increase in PB CD34 þ cell count was 3.0 for the entire study population, 4.0-fold for group A and 3.0-fold for group B.
In group A, 7 of 10 (70.0%) patients achieved cumulative apheresis yields of X2 Â 10 6 CD34 þ cells/kg. In group B, 8 of 10 (80.0%) patients achieved cumulative apheresis yields of X2 Â 10 6 CD34 þ cells/kg. Three patients in group B were apheresed before receiving plerixafor. After the first dose of plerixafor treatment, all three patients had an immediate increase in the number of CD34 þ cells collected. One patient in group B underwent two series of apheresis with G-CSF and plerixafor B1 month apart. A summary of the CD34 þ cells collected by apheresis is shown in Tables 3 and 4 and Figure 1 .
Transplantation and engraftment
Of the 20 patients enrolled, 17 patients (7 in group A and 10 in group B) proceeded to transplantation. A total of 11 patients (5 in group A and 6 in group B) received a second transplant. In group A, three patients did not receive a transplant. Of these three patients, only one patient achieved a cumulative yield that was insufficient for transplant (1.54 Â 10 6 CD34 þ cells/kg). The other two patients yielded a total of 2.55 Â 10 6 CD34 þ cells/kg and 3.61 Â 10 6 CD34 þ cells/kg, respectively, but decided not to proceed with transplantation immediately. Transplantation using pooled cells from other collections was allowed and occurred in eight patients.
Neutrophil engraftment occurred at a median of 13 days for all patients. The range was 10-19 days in group A and 11-23 days in group B. Plt engraftment was documented for all patients in group A (median 16 days; range 11-84) and for all patients in group B (median 19 days; range 14-98).
Follow-up assessments were completed up to 12 months post transplant for 12 of 17 (70.6%) patients (4 patients in group A and 8 patients in group B). All 12 patients assessed at 12 months post transplant were determined to have a durable graft. Of the remaining five patients, two patients died from disease progression and both had durable grafts, one patient died of cerebral infarction but had no durability assessment before death, and two patients did not have follow-up data at 12 months but had documentation of durable grafts at earlier follow-up study visits.
Tumor cell mobilization Tumor cell mobilization was evaluated in 10 patients in group A. Evaluation of BM involvement at the time of Table 1 Patient demographics and baseline characteristics mobilization showed no evidence of BM disease in four patients and minimal (5-10%) BM involvement in four other patients. Of the remaining two patients, one patient had moderate marrow involvement by myeloma (40% of cellularity was plasmacytosis), whereas the other had extensive marrow involvement by myeloma (70% of cellularity was plasmacytosis).
A total of 50 analyses of PB CD34 þ cell collections were performed on samples drawn from 10 patients in group A at time points throughout the mobilization with plerixafor. Of the 50 samples analyzed, 46 were drawn at time points of interest or were not duplicates. Tumor cell mobilization was assessed from PB samples taken before the first dose of plerixafor and before the subsequent apheresis. Baseline samples were collected for all patients for comparison postplerixafor treatment. A total of nine paired samples were available for analysis pre-and post first dose of plerixafor and nine paired samples (from the same set of patients) were available for analysis pre-and post second dose of plerixafor. As the frequency of apheresis is related to an increased risk of tumor contamination, the serial collections of paired samples allow for true assessment of tumor contamination. None of the PB samples showed 41% light-chain-restricted cells, except for the first collection product of patient 5, which had 2% kappa cells (the relevant light chain) with a DNA index of 1 and 1% lambda cells with a DNA index of 1. No plasma cells with aneuploid DNA content were observed in any of the samples.
Safety assessment
All 20 patients experienced at least one adverse event (AE). One patient (5.0%) experienced AEs of mild intensity, seven patients (35.0%) experienced AEs of moderate intensity and 12 patients (60.0%) experienced AEs of severe intensity. The number of patients who experienced AEs considered possibly, probably or definitely related to the study drug were 2 (10.0%), 8 (40.0%) and 9 (45.0%), respectively. All drug-related AEs were mild-or-moderate in intensity.
Overall, the most common drug-related AEs that were experienced by X2 patients were injection site erythema (17 patients), injection site reaction (3 patients), fatigue (2 patients), injection site pruritus (2 patients), injection site swelling (2 patients), diarrhea (3 patients) and hot flushes (2 patients). It should be noted that one patient in group B had a serum creatinine level of 3.1 mg per 100 ml before study entry. This patient did not experience any AEs that were different from those experienced by the other patients.
A total of 25 serious AEs were experienced by eight patients in this study. All serious AEs were considered to be not related to the study drug. One patient discontinued the study because of the development of bundle branch block, bradycardia and hyperhydrosis, which were not related to the study drug.
Discussion
In this group of proven and predicted poor mobilizers, successful mobilization was achieved in 15 of 20 (75%) patients. This successful mobilization rate is similar to that of MM patients in the plerixafor compassionate use program.
14 Although most of the patients yielded sufficient CD34 þ cells to proceed to transplant (X2 Â 10 6 cells/kg), many required more than 5 days (up to 7 days) of apheresis. The fact that these patients had very low PB CD34 þ cell counts before plerixafor treatment, and required so many aphereses, suggests that this group was even more severely impaired than those patients described in the compassionate use program. The safety profile of plerixafor in these two patient groups was consistent with previous reports. 13, 14 Importantly, consistent with other studies, the cells collected after plerixafor treatment resulted in prompt and durable engraftment. 13, 14 Perhaps, the most important finding of this study was the absence of tumor cell mobilization after treatment with G-CSF and plerixafor. The assay used in this study to assess tumor cell contamination has a sensitivity of o1/100 cells. The results showed that none of the 10 patients with MM mobilized tumor cells after 2 days of apheresis. Importantly, serial samplings during consecutive apheresis procedures remained negative. One patient was analyzed for 3 days but showed no tumor cell mobilization.
The small number of patients tested in both studies limits the conclusions to be drawn; hence, the possibility of tumor cell mobilization in some MM patients cannot be excluded. It remains possible that there are differences in the kinetics of myeloma cell and CD34 þ cell mobilization in the PB. Previous studies of tumor cell mobilization after plerixafor treatment showed no evidence of lymphoma cells in a small series of patients with non-Hodgkin's lymphoma. 16 Plerixafor has been reported to mobilize leukemia cells from patients with AML. 17 Thus, plerixafor should not be used for stem cell mobilization for autologous transplant in patients with AML and other leukemias.
Other methods used to mobilize stem cells, such as chemotherapy, and cytokines can also mobilize tumor cells and lead to significant contamination of stem cell products. [18] [19] [20] [21] The kinetics of tumor cell mobilization, the underlying residual tumor burden in the patient, and the mobilization method used are important factors that affect the contamination of the apheresis product. Whether tumor cells are mobilized into PB at the same time as CD34 þ cells remains controversial. Several groups have reported that higher proportions of hematopoietic progenitor cells are observed early during apheresis (first 2 days), whereas peak levels of myeloma cells occur in the latter days of apheresis. 7, 12, 22 However, other studies have found no variation in the kinetics of tumor cell and CD34 þ stem cell mobilization. 7, 20, 23, 24 Studies investigating the effect of the mobilization regimen on tumor cell contamination of the apheresis product have also yielded conflicting results. In one study, mobilization with G-CSF alone resulted in tumor cell contamination in 25% patients, whereas chemomobilization resulted in tumor cell contamination in 51% patients. 18 In contrast, the study by Cremer et al. 25 suggests decreased tumor cell contamination after mobilization with high-dose CY plus G-CSF compared with G-CSF alone.
In summary, this is the first report using serial monitoring of PB after a series of aphereses, in which plerixafor does not seem to mobilize tumor cells. Plerixafor was generally well-tolerated and effective in mobilizing CD34 þ cells in patients with MM who were proven or predicted to not mobilize sufficient cells for transplant.
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